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RESUMEN
(VWHWUDEDMRH[SORUDHOÀXMR]RQDOHQIRUPDGHSROLQRPLRVGH/HJHQGUH(OÀXMREiVLFRVHGLYLGHHQXQÀXMR
]RQDOVLPpWULFR\XQDRQGDGH5RVVE\+DXUZLW]5+9DULDVFDUDFWHUtVWLFDVPiVUHDOLVWDVGHHVWHÀXMR]RQDO
lo hacen particularmente interesante, como las corrientes en chorro con dirección oeste en latitudes medias 
\XQYLHQWRFRQGLUHFFLyQGHOHVWHDOUHGHGRUGHOHFXDGRUPX\VLPLODUDOÀXMRPHGLRKRUL]RQWDOGHOSHULRGR
GLFLHPEUHHQHURDPE(OÀXMR]RQDOVHFRPELQDFRQODRQGD5+SDUDHYDOXDUODVHWDSDVWHPSUDQDVGHO
PHFDQLVPRGHDFFLRQHVGHEORTXHRHQHO3DFt¿FRQRURULHQWDO6H OOHYyDFDERXQDVLPXODFLyQQXPpULFD
XWLOL]DQGRXQPRGHOREDURWUySLFR OLQHDOFRQ IRU]DPLHQWR WURSLFDO\GLVLSDFLyQSDUDDQDOL]DU OD UHVSXHVWD
H[WUDWURSLFDOGHOPHFDQLVPRGHUHIRU]DPLHQWRGHWRUEHOOLQRVHQORVVLVWHPDVGHDOWDSUHVLyQDORODUJRGHOD
FRVWDRFFLGHQWDOGH1RUWHDPpULFD
ABSTRACT
7KLVVWXG\H[SORUHVWKH]RQDOÀRZLQWKHIRUPRI/HJHQGUHSRO\QRPLDOV7KHEDVLFÀRZLVGLYLGHGLQWRD
]RQDOO\V\PPHWULFÀRZDQGD5RVVE\+DXUZLW]5+ZDYH6HYHUDOIHDWXUHVRIWKLVPRUHUHDOLVWLF]RQDO
ÀRZPDNHLWSDUWLFXODUO\LQWHUHVWLQJVXFKDVWKHPLGODWLWXGHZHVWHUO\MHWVWUHDPVDQGDQHDVWHUO\ZLQGDURXQG
WKHHTXDWRUZKLFKFORVHO\UHVHPEOHVWKHPHDQKRUL]RQWDOÀRZDWPERIWKH'HFHPEHU)HEUXDU\SHULRG
7KH]RQDOÀRZLVFRPELQHGZLWKWKH5+ZDYHLQRUGHUWRWHVWWKHEORFNLQJIRUPDWLRQPHFKDQLVPRQHDUO\
VWDJHVIRU WKHQRUWKHDVWHUQ3DFL¿F$QXPHULFDOVLPXODWLRQKDVEHHQSHUIRUPHGXVLQJD OLQHDUEDURWURSLF
PRGHOZLWKWURSLFDOIRUFLQJDQGGDPSLQJWRFKHFNWKHH[WUDWURSLFDOUHVSRQVHRIWKHPHFKDQLVPRIHGGLHV
UHLQIRUFHPHQWRIWKHULGJHDORQJWKHZHVWHUQFRDVWRI1RUWK$PHULFD
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1. Introduction
'XULQJWKHSHULRGIURP'HFHPEHUWR)HEUXDU\
WKHVHDVXUIDFHWHPSHUDWXUH667LQWKHFHQ-
WUDO3DFL¿FZDVDQRPDORXVO\ZDUP7KH1RUWKHUQ
+HPLVSKHUHZLQWHURIZDVQRWDEOHIRULWV
ORZIUHTXHQF\DQRPDORXVEHKDYLRUEHFDXVHLWZDV
H[WUHPHO\FROGLQPDQ\SODFHV3pUH]*DUFtDet al, 
:DQJet al, 2010; Kim et al, 2011; Ratnam et 
al)LJXUHVKRZVWKHK3DJHRSRWHQWLDO
KHLJKWDPHULGLRQDOGLSROHOLNHVWUXFWXUHLQLWVLQ-
FLSLHQWVWDJHVWKDWH[WHQGHGIURPWKHZHVWHUQ1RUWK
$PHULFDWRWKHVRXWKZHVWRI0H[LFRRQ-DQXDU\
$FRQYHFWLYHKHDWLQJRYHUWKHWURSLFDOFHQWUDO
DQGHDVWHUQ3DFL¿FOLQNHGWRDWHOHFRQQHFWLRQFDOOHG
WKH3DFL¿F1RUWK$PHULFDQSDWWHUQ31$:DOODFH
DQG*XW]OHULVNQRZQWRKDYHLQÀXHQFHGWKH
H[WUDWURSLFDOFLUFXODWLRQRYHUWKHQRUWKHDVWHUQ3DFLI-
ic, Canada, and the southeastern USA. 
Many theories have been proposed to understand 
WKH RQVHW DQGPDLQWHQDQFH RI WKH WHOHFRQQHFWLRQ
SDWWHUQV DQG WKH V\QRSWLF EORFNLQJ HYHQWV LQ WKH
DWPRVSKHUH +RVNLQV DQG.DURO\ +DLQHV
DQG0DUVKDOO7KH31$PDQLIHVWVLWVHOIDV
DZDUP ULGJH VRXWKHUO\ÀRZ DORQJ WKHZHVWHUQ
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FRDVWDQGDFROGWURXJKRYHUHDVWHUQ1RUWK$PHULFD
5H[/HMHQDVDQG2NODQG7KHXVHRI
a one-level barotropic model to simulate the extra 
WURSLFDOUHVSRQVHWRD¿[HGWURSLFDOKHDWLQJKDVEHHQ
UHSRUWHGLQVHYHUDOVWXGLHV6LPPRQV%UDQV-
WDWRU+HOGDQG.DQJ6DUGHVKPXNKDQG
+RVNLQV*ULPPDQG6LOYD'LDVZKLFK
IRXQGWKDWWKHUHPRWHUHVSRQVHWRVWHDG\WURSLFDO
IRUFLQJKDVDQHTXLYDOHQWEDURWURSLFVWUXFWXUHDQG
WKDWHQHUJ\SURSDJDWLRQLVLQÀXHQFHGE\ERWK]RQDO
DQGPHULGLRQDO YDULDWLRQVRI WKHEDVLFVWDWHÀRZ
Simmons et al VKRZVWUXFWXUHVVLPLODU WR
WKH REVHUYHG 31$ZKHQ WKH EDURWURSLFPRGHO LV
OLQHDUL]HGDERXWWKH]RQDOO\YDU\LQJÀRZK3D
PHDQRI-DQXDU\ÀRZ7KHVHÀRZSDWWHUQVDUHUH-
lated to the more unstable normal mode associated 
ZLWKEDURWURSLFLQVWDELOLW\+RVNLQVDQG$PEUL]]L
H[DPLQHWKHPRVWIUHTXHQWWUDMHFWRULHVRIWKH
5RVVE\ZDYHVLQDORQJLWXGLQDOO\YDU\LQJÀRZDQG
IRXQGWKDWWKHMHWVWUHDPFDQDFWDVZDYHJXLGHVLQ
the atmosphere.
7KLV VWXG\DLPV WR LQFUHDVH WKHXQGHUVWDQGLQJ
RI WKH QRUWKHDVWHUQ 3DFLILF EORFNLQJ IRUPDWLRQ
PHFKDQLVP LQ LWV LQFLSLHQW VWDJHV LQ FRQQHFWLRQ
ZLWK WKH5RVVE\+DXUZLW]5+ZDYH'XH WR LWV
LPSRUWDQFHQXPHULFDOVLPXODWLRQVZHUHSHUIRUPHG
ZLWKDEDURWURSLFPRGHORQDEDVLFÀRZUHJDUGHG
DVWKHVXPRID]RQDOO\V\PPHWULFÀRZDQGDQ5+
ZDYHFRPSRQHQW0LGODWLWXGHZHVWHUO\MHWVWUHDPV
DUHHPEHGGHGZLWKLQWKH]RQDOO\V\PPHWULFÀRZ
,QDGGLWLRQ OLQHDUL]HGEDURWURSLFPRGHOV WKURXJK
WKH]RQDOO\V\PPHWULFVWDWHDUHHDVLHUWRVLPXODWH
WKDQ WKRVH REVHUYHG LQ WKH ]RQDOO\ DV\PPHWULF
ÀRZ EHFDXVH WLPHDYHUDJHG EDVLF ÀRZV JHQHU-
DOO\GRQRW VDWLVI\ WKH VWHDG\EDURWURSLFYRUWLFLW\
HTXDWLRQ%9(6HFWLRQRIWKLVSDSHUKLJKOLJKWV
VRPHSUHYLRXVUHVHDUFKUHODWHGWRWKH%9(RQWKH
VSKHUHZLWKIRUFLQJDQGGDPSLQJDQGDOVRDEULHI
GHVFULSWLRQRIWKHXSWRGDWHVROXWLRQVWRWKHQRU-
PDOPRGHLQVWDELOLW\,Q6HFWLRQWKHEDVLFÀRZ
LV FRQVWUXFWHG DQDO\WLFDOO\ WKH VHOHFWLRQ RI VXFK
EDVLFÀRZDOORZVIRUWKHDSSOLFDWLRQRIDQDO\WLFDO
PHWKRGVZKLFK LQFUHDVH LWV SRWHQWLDO XVH LQ SHU-
VLVWHQW DQRPDOLHV DQG ORZIUHTXHQF\ YDULDELOLW\
VWXGLHV7KH QRQGLYHUJHQW YRUWLFLW\ HTXDWLRQ IRU
WKH YRUWLFLW\ SHUWXUEDWLRQVZKLFK LV QXPHULFDOO\
WLPHLQWHJUDWHGDQGKDVDVWHDG\WURSLFDOGLYHUJHQFH
IRUFLQJDQGGDPSLQJLVDGGUHVVHGLQ6HFWLRQ,Q
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)LJ7LPHPHDQÀRZRIJHRSRWHQWLDOKHLJKWDWK3DIRU WKHSHULRG-DQXDU\7KH
extended jet stream is shaded. 
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order to test the extra-tropical response to tropical 
IRUFLQJZHH[SORUHWKHPHFKDQLVPLQZKLFKHGGLHV
FDQUHLQIRUFHWKHZDUPULGJHDORQJWKHZHVWHUQFRDVW
RI1RUWK$PHULFD
2. Barotropic vorticity equation and linear insta-
bility on a sphere
$YLVFRXVWZRGLPHQVLRQDOLQFRPSUHVVLEOHURWDWLQJ
ÀXLGRQDXQLW VSKHUH LVJRYHUQHGE\DQRQOLQHDU
%9(ZLWKIRUFLQJ6DQGGDPSLQJ)ZKRVHQRQGL-
PHQVLRQDOIRUPFDQEHZULWWHQDV
J (Ψ, ς) = S + F
∂ς
∂t
+  
ZKHUHȌ Ȝ, , tLVWKHVWUHDPIXQFWLRQ = sin׋; ׋ 
and ȜDUHWKHODWLWXGHDQGORQJLWXGHȢ = ǻȌ + 2ȝ is 
the absolute vorticity; ǻ is the Laplace operator; 
∂Ψ
∂ = vΨ •    ς,J (Ψ, ς) =
∂ς
∂μ λλ ∂μ
∂Ψ ∂ς
∂
– ∆
 
LVWKH-DFRELDQvȌ = k × ¢Ȍ = {uȌ, vȌ} = {– 1 – μ2  
},∂Ψ∂μ
∂Ψ
∂λ
1
1 – μ2
 LV WKH KRUL]RQWDO ZLQG YHFWRU 
ZLWK HDVWZDUG DQG QRUWKZDUG FRPSRQHQWV uȌ 
and vȌ, respectively; and k is the normal vector to 
unit sphere. The term ) ±ıǻȌ + v±ǻs+1Ȍ, ı is the 
5D\OHLJKIULFWLRQFRHI¿FLHQWZKHUHv is the viscous 
dissipation constant, and sPXVWEHDUHDOQXPEHU
6NLED
(TFDSWXUHVPDQ\IHDWXUHVRIWKHODUJHVFDOHG\-
QDPLFVRIWKHEDURWURSLFDWPRVSKHUHZKLOHSURYLGLQJ
DGHHSHUXQGHUVWDQGLQJRIWKHWHOHFRQQHFWLRQSDWWHUQV
+RVNLQVDQG.DURO\6LPPRQV%UDQV-
WDWRU6DUGHVKPXNKDQG+RVNLQV
+HOGDQG.DQJ+DDUVPDDQG2SVWHHJK
/DXDQG3HQJDQGDOVRWKHV\QRSWLFEORFNLQJ
HYHQWVLQWKHDWPRVSKHUH6KXWWV%XL]]DDQG
0ROWHQL1DNDPXUDet al1DVFLPHQWR
DQG$PEUL]]L$QRWKHUZHOONQRZQPHFKDQLVP
IRUWKHJHQHUDWLRQRIORZIUHTXHQF\YDULDELOLW\LVWKH
LQVWDELOLW\RIQRQ]RQDOEDVLFÀRZDVSURSRVHGE\
Simmons et al
7KHUHDUHIRXUZLGHO\DFFHSWHGVROXWLRQVRI%9(
IRUWKHLGHDOÀRZWKHVLPSOH]RQDOÀRZVȌȝPRUH
FRPSOLFDWHGÀRZVFDOOHG5+ZDYHVWKH:X9HUNOH\
:9ZDYH :X DQG9HUNOH\  DQGPRGRQV
7ULEELD9HUNOH\1HYHQ
5+ZDYHVDUHYHU\XVHIXOIRULQWHUSUHWLQJWKH
ODUJHVFDOHZDYHVWUXFWXUHVLQWKHDWPRVSKHULFFLUFXOD-
WLRQRIPLGODWLWXGHV1HYHUWKHOHVVLQWURSLFDOODWLWXGHV
these structures cannot easily be described in terms 
RI5+ZDYHV7KHUHIRUH5+ZDYHVDUHVWLOOIDUIURP
UHDODWPRVSKHULFFRQGLWLRQVLQWKHVHUHJLRQVEHFDXVH
WKHSULPDU\VWRUHRIDWPRVSKHULFNLQHWLFHQHUJ\LVWKH
]RQDOPHDQÀRZDQGWKHJURZWKRISHUWXUEDWLRQVPRVW
RIWHQUHVXOWVIURPWUDQVIHURIPHDQHQHUJ\WRWKHSHU-
WXUEDWLRQV7KLVVWXG\H[SORUHVKRZWKHFKDQJHLQWKH
PHDQÀRZDOWHUVWKHHYROXWLRQRIWKHSHUWXUEDWLRQVWR
WKHÀRZ7KXVWKHWRWDOÀRZZDVGLYLGHGLQWRD]RQDO
V\PPHWULFÀRZȌoȝDQGDZDY\ÀRZ ,W LV LQ WKH
LQWHUHVWRIWKLVVWXG\WRREVHUYHWKH]RQDOV\PPHWULF
ÀRZZLWKWKHPLGODWLWXGHZHVWHUO\MHWVWUHDPVDQGD
ZHDNHDVWHUO\ZLQGDURXQGWKHHTXDWRU)LJD7KHVH
]RQDOÀRZVȌoȝDUHDVVXPHGLQWKHIRUPRIDOLQHDU
FRPELQDWLRQRI/HJHQGUHSRO\QRPLDOV
7KHEDVLFPRGHOXVHG LQ WKHSUHVHQWVWXG\ZDV
WKHQRQGLYHUJHQWYRUWLFLW\HTXDWLRQIRUWKHYRUWLFLW\
SHUWXUEDWLRQVOLQHDUL]HGDERXWWKHEDVLFÀRZ : 
+ ℒςʹ = Sʹ + σ ξʹ + v (–∆)s+1ψʹ ∂ςʹ∂t
 
ZKHUHȢ
 = ȟ
 + 2ȝ and ȟ
 are the absolute and relative 
YRUWLFLWLHVRIWKHSHUWXUEDWLRQUHVSHFWLYHO\
1ℒςʹ ςʹ ς J Ψ ςʹ J+ ς ,= =+ψ ψ
LVWKH%9(RSHUDWRUOLQHDUL]HGDERXWWKHEDVLFÀRZ
ȥLVWKHQRQGLYHUJHQWFRPSRQHQWRIWKHEDVLFZLQG
WKHWLOGHUHSUHVHQWEDVLFÀRZDQGSULPHVDUHUHIHUUHG
WRLQ¿QLWHVLPDOSHUWXUEDWLRQZKLFKLQWKHIRUPRID
normal mode 
ψ ψ
leads to the spectral problem
LG = ωG 
IRUWKHOLQHDUL]HGRSHUDWRULG = J , ǻ–1 G±J *±
[ı + Ȟ±ǻs]GZKHUHȦ = Ȧr + iȦiLVWKHHLJHQYDOXH
and GWKHHLJHQIXFWLRQ,QWKHQRUPDOPRGHOLQHDU
VWDELOLW\DQDO\VLVWKHEDVLFVWDWHPXVWEHUHJDUGHGDV
DVWHDG\VWDWH(TLVWKHQVROYHGE\UHSUHVHQWLQJ
DOO YDULDEOHV DV VHULHV RI VSKHULFDO KDUPRQLFV DQG
XVLQJDWULDQJXODUWUXQFDWLRQTMIRUVRPHMUHGXFLQJ 
(TWRDGLVFUHWHVSHFWUDOSUREOHP
L g = ω g, 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IRUDPDWUL[LZLWKHOHPHQWV
Lαγ = Bß αγ ςß + Dαγ, 
M
nß=1
∑
n
mß=–nß
ß
∑
ZKHUHBȕĮȖ =   – ) < JYȕ,YȖ),YĮ> is the triad 
QRQOLQHDULQWHUDFWLRQFRHI¿FLHQWDQG
 
Dα γ = {−(σ+ν χγ)+2i mγ χγ  }δαγ,s −1
LVWKHFRPSOH[HOHPHQWRIDGLDJRQDOPDWUL['. We 
used here the complex index Į mĮ, nĮE\3ODW]PDQ
DQG6NLEDWKH.URQHFNHUGHOWDįĮȖ, and 
Ȥȕ = nȕnȕ,WIROORZVIURP'ĮȖ, that the linear 
GUDJıįĮȖVKLIWVWKHVSHFWUXPRILDORQJWKHUHDOD[LV
WRWKHOHIWE\YDOXHı=KDQJ,QGHHGIRUDkth 
HLJHQYDOXHZLWKDOLQHDUGUDJı can be represented 
DVȦrk – ı + iȦikDQGWKHVWUHDPIXQFWLRQRID
normal mode is 
ψ′ (λ, μ, t ) = Ψ (λ, μ)  e[(ωr)k −σ]t cos [θ (λ, μ)+(ωi)k t]ˆ
 
7KXVWKHLQVWDELOLW\LIȦr!GHFUHDVHVZLWKı, 
ZKHUHșȜ, ȝ arg Ȝ, ȝLVWKHLQLWLDOSKDVHRIWKH
PRGH7KHGLDJRQDO WHUPv  ULVHGZLWKv, and nȖ 
LQFUHDVLQJWKHGLVWDQFHEHWZHHQHLJHQYDOXHVDQGWKH
QHWHIIHFWRIKRUL]RQWDOGLIIXVLRQLVWKHGDPSLQJRI
VPDOOVFDOHPRWLRQIRUDODUJHSRZHUs.
3. Zonal circulation and superimposed Rossby- 
Haurwitz perturbation
,QWKLVVHFWLRQWKHLQWHUDFWLRQEHWZHHQD]RQDOÀRZ
DQGDQ5+ZDYHLVDGGUHVVHG7KLVLQWHUDFWLRQLVRI
SDUWLFXODULPSRUWDQFHWRWKHWKHRU\RIWKHJHQHUDOFLU-
FXODWLRQRIWKHDWPRVSKHUH$VDUHSUHVHQWDWLYHRIWKH
PHDQ]RQDOZLQGSUR¿OHDQGDOVRDSSURSULDWHWRWKH
%9(WKHGLVWULEXWLRQRIWKHFOLPDWRORJLFDO]RQDOZLQG
DWPELVDQDO\]HGDIWHU.DVDKDUD)LJXUH 
LQ.DVDKDUDQRWVKRZQVKRZVWKHIRXUPHDQ
]RQDOZLQGGLVWULEXWLRQVRIWKHIRXUGLIIHUHQWVHDVRQV
FRUUHVSRQGLQJWR'HFHPEHU-DQXDU\)HEUXDU\'-)
0DUFK$SULO0D\0$0-XQH-XO\$XJXVW--$
DQG6HSWHPEHU2FWREHU1RYHPEHU 6212YHU
WKH UHJLRQVRI WKHVXEWURSLFDO1+MHW VWUHDP]RQDO
ZLQG VSHHGGHFUHDVHG IURP'-) WR --$+RZHYHU
IURP --$ WR'-) ]RQDOZLQG LQFUHDVHGZLWK WLPH
:LWKLQ WKH1+ WKH H[SHFWHG ]RQDOZLQG SDWWHUQ
LV WKDW ]RQDOZLQGZLOO LQFUHDVHZLWK WLPH GXH WR
WKHVHDVRQDOFKDQJHV IURP--$WR'-)DQGDOVRDQ
LQFUHPHQW LQ WKH WHPSHUDWXUHJUDGLHQWEHWZHHQ WKH
1RUWK3ROHDQGWKHHTXDWRU7KH]RQDOZLQGEHKDYLRU
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LQWKH6+LVWKHRSSRVLWH$VWKHVHDVRQDOWUDQVLWLRQ
IURPZLQWHU WR VXPPHUGHYHORSV WKH WHPSHUDWXUH
JUDGLHQWV VKRXOGGHFUHDVHEHWZHHQ WKH6RXWK3ROH
DQGWKHHTXDWRUDQG]RQDOZLQGVKRXOGGLPLQLVKDV
ZHOO7KHUHIRUHWKH]RQDOZLQGSUR¿OHLVGLUHFWO\UH-
ODWHGWRWKHHYROXWLRQRIWKHORZHUOHYHOWHPSHUDWXUH
¿HOG&RQVHTXHQWO\D]RQDOO\ V\PPHWULFÀRZZLWK
KRUL]RQWDOVKHDUFDQEHFRQVWUXFWHGDQDO\WLFDOO\7KH
VLPSOHVWH[DPSOHLVDÀRZGH¿QHGE\Ȍoȝ aPnȝ 
LInLVRGGLQZKLFKPnȝLVD/HJHQGUHSRO\QRPLDO
ZLWKaDVDQDUELWUDU\FRQVWDQW7KH]RQDOV\PPHWULF
ÀRZLVWKHQDQDO\WLFDOO\IRUPXODWHGVRWKDWWKHPLGODW-
LWXGHZHVWHUO\MHWVWUHDPVDUHSUHVHUYHGZLWKDZHDN
HDVWHUO\ZLQGDURXQGWKHHTXDWRU1RWRQO\VKRXOGWKH
]RQDOZLQGSUR¿OHEHFRQVLVWHQWZLWKFOLPDWRORJ\EXW
DWWHQWLRQPXVWDOVREHJLYHQWRWKHYRUWLFLW\RIWKH]RQDO
ÀRZLQWKHHTXDWRULDOUHJLRQDVQRWHGE\:X
7KHHIIHFWRIWKH]RQDOO\V\PPHWULFÀRZJLYHQE\D
OLQHDUFRPELQDWLRQRIWZR/HJHQGUHSRO\QRPLDOVP1 
ȝDQGPnȝRQWKH5RVVE\ZDYHGLVWULEXWLRQZDV
VWXGLHGE\.DUXQLQDQG:XIRUn = 3. 
2EVHUYDWLRQDOHYLGHQFHLQGLFDWHV WKDW WKH]RQDO
ÀRZSDWWHUQFDQEHDSSUR[LPDWHO\UHSUHVHQWHGE\D
OLQHDUFRPELQDWLRQRIVHYHQ/HJHQGUHSRO\QRPLDOV
RIRGGSDULW\%DHU
Ψo (μ) = Σj=0 bj P2  j+1 (μ)N
0  
ZKHUHN    DQGb0   ±b1  î –2, 
b2 = –5.95 × 10–2, b3 î–2, b4 î–3, 
b5 ±î–3, b6 î–3 and b ±î–4. 
7KH]RQDOIORZKDVWKHPD[LPXPZHVWHUO\RIPV–1 at 
QRUWKDQGVRXWKDQGDQHDVWHUO\ZLQGRIPV–1 
DWWKHHTXDWRU7KLV]RQDOZLQG¿HOGUHVHPEOHVWKHXS-
SHUWURSRVSKHUHGXULQJWKHQRUWKHUQZLQWHU)LJD
Several papers have been devoted to the linear 
LQVWDELOLW\RIWKH]RQDOÀRZVVLQFH5D\OHLJK
:HXVHG WKH5D\OHLJK.XRQHFHVVDU\FRQGLWLRQ IRU
WKH LQVWDELOLW\ .XR ,IȌo ȝ LV OHW WREH D
]RQDOÀRZRQWKHVSKHUHWKHQDQRUPDOPRGHPD\
EHXQVWDEOHRQO\LIWKHGHULYDWLYH∂ ςo∂ μ RIWKHDEVROXWH
vorticity Ȣo = ǻȌoȝȝRIÀRZȌoȝFKDQJHVLWV
VLJQDWOHDVWLQRQHSRLQWRIWKHLQWHUYDO±7KHQ
∂ ςo
∂ μ = 2−Σ j=1N
∂ P2 j + 1
∂ μ
χ2 j+1 bj
o
 FKDQJHV LWV VLJQ DW 
OHDVWLQRQHSRLQWRIWKHLQWHUYDO±7KXV(T
PD\KDYHDQXQVWDEOHQRUPDOPRGH 3pUH]*DUFtD
EHLQJDOPRVWWKHRQO\XVHIXOLQVWDELOLW\FRQGLWLRQ 
NQRZQIRU]RQDOÀRZGHVFULEHGE\DOLQHDUFRPELQD-
WLRQRI/HJHQGUHSRO\QRPLDOV7KHQXPHULFDODOJR-
ULWKPGHYHORSHGIRUWKHQRUPDOPRGHLQVWDELOLW\RIDU-
ELWUDU\VWHDG\ÀRZ3pUH]*DUFtDDQG6NLEDKDV
EHHQSUHYLRXVO\WHVWHGIRUWKH]RQDOÀRZZLWKDOLQHDU
FRPELQDWLRQRIWZR/HJHQGUHSRO\QRPLDOV]RQDO5+
ZDYHVP1ȝDQGPnȝ1RZLIWKHVDPHQXPHULFDO
DOJRULWKP LV WHVWHG IRU WKH ]RQDOO\ V\PPHWULFÀRZ 
(TZKHUHjLVRGGWKHDPSOLWXGHRIPRGHVFDQEH
symmetric or antisymmetric around the equator. There 
DUHIHZXQVWDEOHPRGHVDPRGHȥ
LVXQVWDEOHLIȦr > 0, 
GHFD\LQJLIȦrQHXWUDOLIȦr  DQGVWDWLRQDU\LI
Ȧi  7KHPDLQSDUDPHWHUVRIWKH¿UVWWZRPRVWXQ-
VWDEOHPRGHVDUHJLYHQLQ7DEOH,DQGWKHLVROLQHVRI
WKHUHDOSDUWRIWKHDPSOLWXGHVȌrȜ, ȝDUHSUHVHQWHG
LQ)LJXUHD E7KHeIROGLQJ WLPH τe = 2 π    ωr
1 , 
period T = ωi
1 , and the spectral number χΨˆ 
6NLED  6NLED DQG3pUH]*DUFtD  DUH
DOVR JLYHQ LQ7DEOH ,8QVWDEOH SHUWXUEDWLRQV DUH
observed in WKH QHLJKERUKRRG RI subtropical jets, 
DQGWKHGRPLQDQW]RQDOZDYHQXPEHURIWKHPRGHV
are m DQGm = 5. 
7KH5+ZDYHKDVSURYHGWREHYHU\XVHIXOIRU
LQWHUSUHWLQJWKHODUJHVFDOHZDYHVWUXFWXUHVLQWKHDW-
PRVSKHULFFLUFXODWLRQRIPLGODWLWXGHV2QWKHWURSLFDO
latitudes these structures cannot easily be described in 
WHUPRI5+ZDYHV$VVXPHDWDPRPHQWt that a basic 
ZDYHLVWKHVXPRID]RQDOV\PPHWULFÀRZȌoȝDQG
DQ5+ZDYHWKHQWKHEDVLFÀRZFDQEHZULWWHQDV
Ψ (λ, μ, t) = Ψo(μ)−wo μ +Σm=−n nn mamY (λ−cn t, μ)
ZKHUH
 (μ)Ψo (μ) = Σ
n
0
2 j+1
j=0
bjP
and 
cn RH =wo− ,
2 (wo + 1)
χn
7DEOH , 7KHPRVW XQVWDEOHPRGH RI WKH ]RQDO IORZ
GHVFULEHGE\(T
Modes m Ȧr Ȧi χΨˆ ĲeGD\V
Period T
GD\V
1   ±   2.42
2 5 0.00523  223.61 30.39 3.50
244 I. Pérez-García
LVDFRQVWDQWGHQRWLQJWKHDQJXODUSKDVHVSHHGRIWKH
5+ZDYHwoLVWKHVWUHQJWKRIVROLGERG\URWDWLRQ
ÀRZDQGPn (μ)m LVWKH/HJHQGUHIXQFWLRQRIGHJUHHn 
and the amZDYHDPSOLWXGH7KH5+ZDYHRHm, n 
LVVWHDG\ZKHQcnRH = 0, and  χn− 2wo=
2 2QHPD\DOVR
FRQVLGHUWKHKRPRJHQHRXVVSKHULFDOSRO\QRPLDOVRI
WKHGHJUHHn:
 (λ−c t , μ)Ψn(λ, μ, t) = Σ
n
m
n
m=−n
amY
DVDSHUWXUEDWLRQRIWKHEDVLFÀRZȌo ȝ±wo ȝ. This 
SHUWXUEDWLRQ LVD OLQHDUFRPELQDWLRQRI WKHQ
VSKHULFDOKDUPRQLFVPRYLQJLQWKHȜ±GLUHFWLRQZLWK
the speed χn c = .
–2
:KHQWKHEDVLFVWUHDPIXQFWLRQLVȌȜ, ȝ, t Ȍo 
ȝ±wo ȝ + ȌnȜ, ȝ, tDWWLPHt(TIRUWKHLGHDO
ÀRZı = Ȟ DQGZLWKRXWDQ\H[WHUQDO IRUFLQJ
leads to 
2 2 2 =λλ
n n
0 n 2 1 w
0 w n n 0.
λ
λ
/HWWKH]RQDOPHDQ]RQDOZLQGU0ȝ  1 2 
0 DQGWKH]RQDOPHDQDQJXODUYHORFLW\WKDWUHODWHV
WRWKH]RQDOPHDQVWUHDPIXQFWLRQ&KHQDQG
]RQDOPHDQZLQGE\ W
. Then
0
0
j 0
N bj
P2 j 1 U0
1 2 
n
0 2 1 w n W0 w
n
n n
∑
0,
+
+
+ +
+
+
λ
λ
LQZKLFK LVDQHLJHQIXQFWLRQRIWKH/DSODFHRSHUDWRU
ZLWKHLJHQYDOXH±Ȥn Y nm χn Ynm
n χ n
n ; λ λ
n
n
nχ
RQHVKRZVHDVLO\WKDW
n w0 ∑
j 0
N
bj
P2 j 1 2
χ n
1
2 λ
0 1 w n 0,
+
+
a b
)LJ,VROLQHVRIWKHUHDOSDUWRIWKHDPSOLWXGHWRWKHXQVWDEOHPRGHVFRUUHVSRQGLQJWRȦr  DDQGȦr 
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IURPZKLFK LW IROORZV WKDW D ]RQDOO\ SURSDJDWLQJ
VROXWLRQFDQEHJHQHUDOO\H[SUHVVHGLQWKHIRUP
n cλ λ
ZKHUH
c w
2 w 1
χn χn
W0
1 0+  
LVWKHSKDVHVSHHG7KHQE\QRWLQJWKDW
0 ∑ j 1
N bj χ2 j 1
P2 j 1
+
+ WKHIROORZLQJ
assertion is valid:
Proposition/HWWLQJȌoȝEHWKHOLQHDUFRPEL-
QDWLRQRIWKH/3ÀRZ(TIRUDQ\N, and –woȝ 
+ ȌnȜȝ, tWKHEDVLF5+ZDYHWKHQWKHȌȜ, ȝ, t  
Ȍoȝ±wo ȝ + ȌnȜ, ȝ, tÀRZLVDZDYHSURSDJDWLQJ
]RQDOO\ZLWKDQJXODUYHORFLW\cuJLYHQE\
c w
2 w 1
χ n
b0
P1
∑ j 1
N χ 2 j 1
χn
1 bj
P2 j 1
+
+ +
+
 
As 0 U0 , its latitudinal 
derivative 
 
0
2 U 0
2 .
7KHSDWWHUQRIWKHSKDVHYHORFLW\(TIRUDQ
5+ZDYH HPEHGGHGZLWKLQ D ]RQDO ÀRZ LV WKHQ
DQDOL]HG
c cn RH
U0
1 2
1
χ n
0 .+  
2QRQHKDQG WKHVHFRQGWHUPRI(TZKHQ
FRPSDUHGZLWK WKH REVHUYHG ]RQDOÀRZ LQFUHDVHV
DERXWZLWKLQWKHMHWVWUHDPUHJLRQVZKLOHWKH
LQFUHPHQWLQGLIIHUHQWODWLWXGHVLVRIWKHVDPHRUGHU
as Uoȝ2QWKHRWKHUKDQGWKHWKLUGWHUPRI(T
VKRZVYDOXHVRIWKHVDPHRUGHUDVUoȝZLWKLQWKH
MHWVWUHDPUHJLRQV,QDFFRUGDQFHZLWKWKH5+ZDYH
WKHRU\DQGDOVRXVLQJ(TZLWKRXW]RQDOPHDQ
]RQDOZLQGUoȝORQJ5+ZDYHVSURSDJDWHPRUH
TXLFNO\WKDQVKRUW5+ZDYHVDJDLQVWWKHGLUHFWLRQRI
WKH]RQDOÀRZ:KHQWKH]RQDOPHDQ]RQDOZLQGUo 
ȝLVDGGHGWRWKHVLWXDWLRQVKRUW5+ZDYHVPRYH
IDVWHULQWKHGLUHFWLRQRIWKH]RQDOÀRZEHFDXVHRI
WKHLULQLWLDOVPDOOVSHHGDJDLQVWWKLVÀRZ5+ZDYHV
HPEHGGHG LQ WKH ]RQDO ÀRZ H[KLELWHG GHFUHDVLQJ
VSHHGDVWKH5+ZDYHQXPEHUGHFUHDVHG
7KHZDYHȌLVVWHDG\ZKHQc = 0, and 
w 2
χ n 2
χ n
χ n 2
b0
P 1
∑
j 1
N χ2 j 1
χ n
1 b j
P 2 j 1 .
+
 
7KHKRUL]RQWDOVWUXFWXUHRIWKHVWHDG\ZDYH
 wλ λa Pn
m m+ +  
ZLWKa = 5 × 106, n = 6, and m LVVKRZQLQ)LJXUHE 
The scheme developed above is particularly interest-
LQJEHFDXVHLWUHSOLFDWHVVRPHRIWKHPRVWLPSRUWDQW 
IHDWXUHVRIWKH]RQDOÀRZHJWKHPLGODWLWXGHZHVWHUO\
MHWVWUHDPVWKDWFORVHO\UHVHPEOHWKHPHDQKRUL]RQWDO
ÀRZDWWKHXSSHUWURSRVSKHUHGXULQJWKHERUHDOZLQWHU
)LJ7KHVHEDVLFZDYHVDUHDOVRIUHTXHQWO\FDOOHG
SODQHWDU\ZDYHVGXHWRWKHLUNQRZQJOREDOVWUXFWXUHV
7KHQXPHULFDOQRUPDOPRGHVWDELOLW\RIWKH5+
ZDYHKDVEHHQVWXGLHGE\3pUH]*DUFtD
7KHVNLOORIWKHQRUPDOPRGHVWDELOLW\DOJRULWKPRI
WKLVVWXG\KDVEHHQFKHFNHGE\FRPSDULQJLWZLWKWKH
QXPHULFDOVWDELOLW\UHVXOWV6NLEDDQG3pUH]*DUFtD
XVLQJ WKHDQDO\WLFDOVROXWLRQREWDLQHG
E\6NLED
4. The extratropical response to tropical forcing
:HQRZFRQVLGHUWKHEDURWURSLFPRGHORIWKHH[WUD-
WURSLFDOUHVSRQVHWRWURSLFDOIRUFLQJ7KHIRUFLQJDW
(TDVVRFLDWHGZLWKGLYHUJHQFHLVH[SUHVVHGDV
6
VSHFL¿HGE\
χ χ
ZKHUHvȤLVWKHLUURWDWLRQDOZLQG7KH5RVVE\ZDYH
VRXUFH 6
 FRQWDLQV FRQWULEXWLRQV IURP ERWK WKH
YRUWH[VWUHWFKLQJHIIHFWDQGWKHDGYHFWLRQRIDEVROXWH
YRUWLFLW\E\WKHGLYHUJHQWÀRZ(TLVQXPHULFDO-
O\LQWHJUDWHGVLPLODUO\WR3pUH]*DUFtDDQG6NLED
 LQ WKH VSKHUH XVLQJ WKH VSHFWUDO WUDQVIRUP
WHFKQLTXHE\ UHSUHVHQWLQJ DOO YDULDEOHV LQ D VHULHV
RI VSKHULFDO KDUPRQLFV WUXQFDWHG DW T42. The case 
s = 2 at ) = –-ıǻȌ + Ȟ±ǻs+1Ȍ has been consid-
HUHGEHLQJıDOLQHDUGDPSLQJZLWKDWLPHVFDOHRI
GD\VVRWKDWOLQHDULQVWDELOLW\LVLQKLELWHGȞ is 
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DELKDUPRQLFGLIIXVLRQ DQGȞ î16 m4 s–1 
6DUGHVKPXNKDQG+RVNLQV
1XPHULFDOVLPXODWLRQVDUHSHUIRUPHGZLWKOLQHDU
EDURWURSLFPRGHOVZLWKDWURSLFDOGLYHUJHQFHIRUFLQJ
DQGGDPSLQJ7KLVVFKHPHZDVFKRVHQLQRUGHUWR
WHVWWKHH[WUDWURSLFDOUHVSRQVHWRWURSLFDOIRUFLQJWKDW
LQFOXGHVDK\SRWKHWLFDOPHFKDQLVPE\ZKLFKHGGLHV
FDQUHLQIRUFHWKHULGJHDORQJWKHZHVWHUQFRDVWRI
1RUWK$PHULFD6RPHPRGHOVWKDWOLQHDUL]HGDERXW
D ]RQDOO\ V\PPHWULF ÀRZ KDYH VKRZQ LPSRUWDQW
GLIIHUHQFHV IURP WKRVH WKDW OLQHDUL]HG DERXW WKH
]RQDOO\DV\PPHWULFFOLPDWRORJLFDOÀRZDVUHSRUWHG
E\%RUJHVDQG6DUGHVKPXNK,QWKHSUHVHQW
VWXG\ZHXVHG(TDVWKHEDVLFÀRZEHFDXVH
FOLPDWRORJLFDOEDVLFÀRZVDUHQRWPDLQWDLQHGRQO\
by barotropic processes. 
,QRUGHU WRH[DPLQHWKHSURSDJDWLRQRIVWDWLRQ-
DU\5RVVE\ZDYH WUDLQV LQ WKHPRGHO D FLUFXODU
UHJLRQRIVWHDG\GLYHUJHQFH+RVNLQVDQG.DURO\¶V
EORE>@RQWKHHTXDWRULVLQWURGXFHG)LJD 
DQG WKH UHVXOWLQJ VWHDG\ SHUWXUEDWLRQ RQ WKLV
ORQJLWXGLQDOO\ YDU\LQJ EDVLF IORZ LV GHWHUPLQHG
E\ LQWHJUDWLQJ WKHPRGHO EDVHG RQ (T  WR D
steady state. The source S is approximated to be 
χ DS
∆  DQG LV VKRZQ LQ)LJXUHE 
EHLQJ VLPLODU WR WKHPRGHO RI 6DUGHVKPXNK DQG
+RVNLQV 7KH UHVSRQVH RQGD\ZKHQ D
steady state is almost reached, can be observed in 
)LJXUH E7KHZDYH DFWLYLW\ HPDQDWHV IURP WKH
UHJLRQRIWKHGLYHUJHQFHDQGSURSDJDWHVHDVWZDUGV
DQGSROHZDUGVLQDOPRVWJUHDWFLUFOHSDWKV
'UDPDWLFDOO\ WKH QXPHULFDO VLPXODWLRQV UHLQ-
IRUFH WKHZDUP ULGJH DORQJ WKHZHVWHUQ FRDVW RI
1RUWK$PHULFDDV VHHQ LQ)LJXUHVDDQG7KH
PDJQLWXGH RI WKH H[WUDWURSLFDO UHVSRQVH H[KLELWV
PRUHVHQVLWLYLW\DVVHHQLQ)LJXUHE)LQDOO\WKHUH
LVQRZDYHSURSDJDWLRQEHWZHHQERWKKHPLVSKHUHV
EHFDXVHWKHHTXDWRULDOUHJLRQLVFRQWUROOHGE\HDVW-
HUO\ZLQGV
5. Conclusions
7KLVSDSHUKDVH[SORUHGDEDVLFÀRZIRUWKH%9(ZLWK
DPRUHUHDOLVWLF]RQDOÀRZ7KHVHOHFWLRQRIWKHEDVLF
ÀRZDOORZV WKH DSSOLFDWLRQRI DQDO\WLFDOPHWKRGV
ZKLFKLQFUHDVHLWVSRWHQWLDOXVHLQSHUVLVWHQWDQRPDOLHV
DQG ORZIUHTXHQF\YDULDELOLW\ VWXGLHV7KHVHEDVLF
ZDYHVIRUPDGLIIHUHQWVHWIURP5+ZDYHV:9ZDYHV
DQGPRGRQV7KHLUJOREDOVWUXFWXUHVFORVHO\UHVHPEOH
WKHPHDQKRUL]RQWDOÀRZDW WKHXSSHU WURSRVSKHUH
GXULQJWKHERUHDOZLQWHU6XFKEDVLFZDYHVFRPSRVHDQ
5+ZDYHHPEHGGHGZLWKLQD]RQDOÀRZFOHDUO\GLIIHU-
HQWIURPWKHNQRZQ5+ZDYHVROXWLRQ5+ZDYHVDUH
XVHIXOIRULQWHUSUHWLQJWKHODUJHVFDOHZDYHVWUXFWXUHV
LQWKHDWPRVSKHULFFLUFXODWLRQRIPLGODWLWXGHV1HYHU-
a b
)LJ'LYHUJHQFHSHUWXUEDWLRQFHQWHUHGDW1(DDQGFRUUHVSRQGLQJIRUFLQJXSSHUOHYHOQRUWKVRXWK
GLSROHE
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theless, these structures cannot easily be described in 
WHUPVRI5+ZDYHVRQWKHWURSLFDOUHJLRQV
1XPHULFDOH[SHULPHQWVZHUHSHUIRUPHGXVLQJWKH
QRQGLYHUJHQWYRUWLFLW\HTXDWLRQIRUWKHYRUWLFLW\SHU-
WXUEDWLRQVXVLQJWKHEDVLFZDYHZLWKOLQHDUGDPSLQJ
GLIIXVLRQDQGD WURSLFDO IRUFLQJ LQFOXGHG ,QRUGHU
WR H[DPLQH WKH SURSDJDWLRQ RI VWDWLRQDU\5RVVE\
ZDYHWUDLQVLQWKHPRGHODFLUFXODUUHJLRQRIVWHDG\
GLYHUJHQFHZDV LQWURGXFHGRQ WKHHTXDWRU ORFDWHG
DW(DQGWKHUHVXOWLQJVWHDG\SHUWXUEDWLRQRQ
WKLV EDVLFÀRZZDVGHWHUPLQHGE\ LQWHJUDWLQJ WKH
PRGHOEDVHGRQ(TWRDVWHDG\VWDWH7KHZDYH
DFWLYLW\HPDQDWHVIURPWKHUHJLRQRIWKHGLYHUJHQFH
DQGSURSDJDWHVHDVWZDUGVDQGSROHZDUGVLQDOPRVW
JUHDWFLUFOHSDWKVDQGWKHPDJQLWXGHRIWKHH[WUDWURS-
ical response exhibited more sensitivity. A dramatical 
UHLQIRUFHPHQWRIWKHULGJHDORQJWKHZHVWHUQFRDVW
RI1RUWK$PHULFDZDVREVHUYHGYHU\VLPLODUWRWKH
3DFL¿F1RUWK$PHULFDQ31$SDWWHUQ,QWKHQHDU
IXWXUHZHZLOOWHVWWKHQXPHULFDOQRUPDOPRGHVWD-
ELOLW\DOJRULWKPZLWKWKHEDVLFÀRZ
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